The objective of this study was to investigate the relationship between the antimycobacterial properties of the antileprosy drug clofazimine and its stimulatory effect on the release of reactive oxidants by polymorphonuclear leukocytes by using a variety of phenazine derivatives. The effects of these compounds on myeloperoxidasemediated iodination, luminol-enhanced chemiluminescence, and the release of superoxide anion by polymorphonuclear leukocytes were investigated. Dissociation of the antimycobacterial and prooxidative effects of clofazimine was possible by manipulation of the chemical group in position 2 of the phenazine molecule. When nitrogen-containing substituents in this position were replaced by oxygen, the mode of the prooxidative action of the compounds was altered.
Host defense against mycobacterial infection depends largely on the efficacy of a phagocyte myeloperoxidase (MPO)-hydrogen peroxide-halide system (12, 16, 18) . The reactive oxidant hydrogen peroxide is produced during the respiratory burst of polymorphonuclear leukocytes (PMN) as a result of superoxide dismutation (11) . Various antibiotics have been shown to increase the release of reactive oxidants from PMN (10) , including the antileprosy drug clofazimine (B663) (20) . Clofazimine is a phenazine derivative (2-5) which apart from its antimycobacterial activity also possesses immunosuppressive properties (15, 21) . We have shown recently that the immunosuppressive effects of this drug are partly mediated by reactive oxidants (22) .
The present study was undertaken to dissociate on a molecular basis the antimycobacterial activities of clofazimine and its stimulatory effect on the release of reactive oxidants by PMN by using 10 phenazine derivatives.
MATERIALS AND METHODS
Agents. (i) Selection. All agents investigated in this study were synthesized by J. F. O'Sullivan, Laboratories of the Medical Research Council of Ireland, Dublin. Ten phenazine derivatives were chosen to examine the importance of various substitutions on the production of reactive oxidants by PMN in comparison with antimycobacterial effects. Since the insertion of chlorine in the para position of the phenyl and anilino rings has been found to strongly augment the activity of the agents against murine tuberculosis (TB) (5), all compounds were investigated in their chlorinated and unchlorinated forms. The significance of this halogen was further examined by including the fluorinated form of B663, B980, in the study. Since aposafranine derivatives, in which the nitrogen in position 2 of the phenazine core is replaced by oxygen, are inactive in vitro and against murine TB (5), we also included four representatives of this group of agents, B3722, B433, B685, and B432. The significance of the anilino group of clofazimine in position 3 of the phenazine molecule was investigated by using compounds in which this group is replaced by a hydroxyl group (B3722 and B433). Similarly, * Corresponding author. the importance of the isopropylimino group in position 2 of clofazimine was examined by replacing it with an amino group, resulting in B628 and B283. The chemical precursors of B663 and its unchlorinated analog B670, which are the imidazophenazines B654 and B621, were also included in the study since they are virtually without antimycobacterial activity (5) . The chemical structures of the agents are shown in Fig. 1 .
(ii) Solubilization. Each compound (4 mg) was solubilized in 0.1 ml of acetic acid-0.3 inl of dimethyl sulfoxide-0.6 ml of distilled deionized water and further diluted in distilled water to a final concentration of 10 ,ug/ml. The agents were then diluted in HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; Sigma Chemical Co., St. Louis, Mo.)-buffered Hanks balanced salt solution (HBSS; GIBCO Laboratories, Grand Island, N.Y.) to the concentrations required. All compounds were compared with the appropriate solvent control.
Cell preparation. PMN were obtained from heparinized venous blood (5 U of preservative-free heparin per ml), as previously described (1) . The cells were suspended in HBSS and contained >90% viable PMN as determined by trypan blue (0.1%) dye exclusion.
Myeloperoxidase-mediated iodination of PMN. Myeloperoxidase-mediated iodination of PMN was measured by the method of Root and Stossel (14) . Reaction mixtures contained 106 PMN, 0.05 ,uCi of 1251 (sodium iodide; New England Nuclear Corp., Boston, Mass.; specific activity, 17 Ci/mg), 10% autologous serum, the agent or the drug-free solvent control, and the synthetic chemotactic tripeptide N-formyl-L-methionyl-L-leucyl-L-phenylalanine (FMLP; Miles Laboratories, Inc., Elkhart, Ind.) in a final volume of 1 ml of HBSS. The drugs were used at final concentrations of 1 (5-amino-2,3-dihydro-1,4-phthalazinedione; Sigma) at a final concentration of 0.3 ,uM was added 5 min before counting was performed in a Wallac 1251 luminometer (LKB, Turku, Finland). The results were recorded as millivolt seconds integrated over 5 s. Superoxide production by PMN. Superoxide production by PMN was measured by a method previously described (17) . The reaction mixture contained 2 x 106 PMN, 1 ,uM FMLP, 1 jig of cytochalasin B per ml, 0.1 mM horse heart ferricytochrome c (cyt-c; type VI; Sigma), and the agent under investigation or the drug-free solvent control at a final concentration of 1 ,ug/ml in a final volume of 1 ml of HBSS with or without 200 U of superoxide dismutase (Sigma) per ml. Dose-response studies were performed with clofazimine and B3722 at concentrations of 0.125 to 5 ,ug/ml. Cells and reagents were prewarmed separately for 15 min at 37°C before the reaction was started by addition of the PMN to the reagent mixture. After incubation of the mixture for 1 min at 370C in a water bath, the reaction was terminated by addition of 1 ml of ice-cold phosphate-buffered saline (0.15 M, pH 7.1) followed by centrifugation of the tubes at 4°C. The supernatants were assayed for reduced cyt-c in an SP 1700 UV spectrophotometer (Unicam, Cambridge, England) at 550 nm. The amount of reduced cyt-c was calculated by using an absorbance coefficient of 2.11 x 104 cm2/mmol (19 B628, although statistically significant, were minimal. The other agents had no effect. The results are shown in Fig. 2 .
Similar results were obtained at 3 ,ug/ml except that B654 and B621 also significantly stimulated iodination of PMN (P < 0.025; data not shown).
Luniinol-enhanced chemliluminescence of PMN. Luminolenhanced chemiluminescence of PMN was used to investir gate the effects of the phen.azines on the release of the reactive oxidants hydrogen peroxide, hydroxyl free radical, and superoxide anion by PMN relative to those of clofazimine (6) . At a concentration of 1 ,ug/ml, B663 (clofazimine), B628, and B654 significantly stimulated the chemiluminescence of PMN at all time intervals (P between <0.05 and <0.025). The other compounds had no effect. The results are shown in Fig. 3 .
The findings at 3 ,ug/ml were similar except that B283 significantly inhibited PMN chemfluminescence at this concentration (P between <0.05 and <0.005 for the different time interPvals; data not shown ).
Superoxide production by PMN. Superoxide production by PMN was used to investigate the effects of the agents on the respiratory burst of phagocytes after stimulation with FMLP. At a concentration of 1 jig/ml, clofazimine was the only compound that significantly stimulated the generation of superoxide anion by PMN, with the release of 25.0 ± 2 nmol of reduced cyt-c per 2 x 101 PMN, in comparison with 15.6 ± 1 nmol in the presence of the drug-free solvent control (P < 0.01). Significant inhibition was observed only with B432 (9.7 +. 1 nmol per 2 x 106 PMN [P < 0.025]); the other agents had no effect (data not shown).
Dose-response studies with clofazimine and B3722 at concentrations of 0.125 to 5 ,ug/ml yielded dose-dependent stimulation of superoxide release by clofazimine, whereas B3722 had no effect. The results are shown in Fig. 4 .
DISCUSSION
The phenazine derivative clofazimine is a well-established part of the standard regimen for the treatment of leprosy (15, 21) . Concentrations of approximately 1 ,ug/ml are achieved in serum (21) , but since the drug is concentrated in macrophages (7) (8) (9) and in fat, concentrations in tissue are considerably higher (13) .
The previously reported stimulatory effect of clofazimine on the release of reactive oxidants by PMN (20) is probably partly responsible for both its antimycobacterial and immunosuppressive properties (22) . In the present study we investigated the effects of 10 phenazine derivatives on the release of reactive oxidants by PMN to dissociate the antimycobacterial and prooxidative effects of clofazimine on a molecular basis. Except for B3722, B433, and B432, all agents examined have previously been investigated for their efficacy against murine TB (5), and other than B663 (clofazimine), B628, and B980, they are all virtually inactive (5). The antimycobacterial activities of the agents correlated well with the results of the superoxide anion assay in this study, since clofazimine is the most potent of the test drugs against murine TB (5) and also stimulated the release of superoxide anion by PMN. The other two compounds which also possess some antimycobacterial activity against murine TB, B628 and B980, were among the five phenazine derivatives that significantly increased MPO-mediated iodination at a concentration of 1 ,ug/ml, although their stimulatory effects in absolute terms were minimal. Data on the antimycobacterial properties of the other three agents were not available. However, we investigated the effect of the most potent stimulator in this assay, B3722, relative to that of clofazimine on PMN-mediated killing of Staphylococcus aureus and found that B3722 was inactive, whereas clofazimine caused increased killing of this microorganism (data not shown). This finding, together with the lack of activity of B3722 and its unchlorinated analog B433 in the chemiluminescence and superoxide anion assays, indicates that this agent works by a mode of action different from that of clofazimine. The aposafranines B3722 and B433 possibly participate in an NADPH-oxidase-independent redox cycle which leads to the generation of hydrogen peroxide, whereas clofazimine, in addition to this mechanism, seems to interact with the membrane-associated respiratory burst of PMN, since it significantly enhanced superoxide generation by phagocytes.
Furthermore, the finding that the phenazines B628 and B654 significantly stimulated MPO-mediated iodination and luminol-enhanced chemiluminescence of PMN at concentrations of 3 and 1 jig/ml, respectively, indicates that modifications in position 2 of the phenazine molecule do not interfere with the effect of the agents on the release of reactive oxidants by PMN as long as nitrogen is present, although the antimycobacterial properties of the compounds against murine TB are diminished by substitutions other than the isopropylimino group of clofazimine (5) .
It is concluded that dissociation of the antimycobacterial and prooxidative effects of clofazimine is possible based on the chemical group in position 2 of the molecule.
